In very premature infants at risk of severe lung disease. medical dietary zinc/kg and saline intramuscularly twice a day). Pig management often includes use of glucocorticoid therapy and weight, formula intake, urine volume, and blood glucose high zinc diets from mineral-fortified premature formulas. DEX, were monitored.
necropsy, tissue samples were obtained a synthetic glucocorticoid. is documented to stimulate lung matt~ measure zinc in plasma and zinc and metallothionein in uration, thereby reducing the incidence and/or severity of severe liver and small intestinal mucosa. velocity of zinc uptake lung disease in LBW infants (1-3). Prematurely born infants are by intestinal brush border membrane vesicles was meas-particularly vulnerable to zinc deficiency because of limited zinc ured using 6", , tracer. uptake rate and Km for stores at birth (4) and malabsorption as a result of an immature zinc uptake by brush border membrane vesicles were sig-gastrointestinal tract (5). Negative zinc balances have been docnificantly greater ( p < 0.05) in DEX with control umented in LBW infants fed breast milk or preterm formula and high zinc groups. DEX-treated piglets had a signifi-containing five times the amount of zinc in breast milk (6). From cantly lower ( p < 0.05) zinc efflux rate across brush border animal studies. it is apparent that DEX, especially in combinamembrane vesicles compared with that of the control. The tion with a relatively high zinc diet. may have a significant high zinc group had a higher liver (p < 0.05) and mucosal impact on intestinal zinc transport and hepatic storage (7-9).
Glucocorticoid hormones and exogenous (dietary) zinc have ( P < 0'05) zinc and higher liver been implicated in the regulation of zinc homeostasis principally concentration (P < Oeool)
with the control and via induction of the major cytosolic =inc-binding protein MT DEX groups. Weight gain over 5 d was not different among (9). Tissue-specific induction of MT synthesis has been associated groups.
blood glucose was higher ( P < 0.05) in DEX with reduced zinc absorption ( 10). decreased plasma zinc, and versus control and high zinc groups. Short-term DEX treat-enhanced zinc accumulation in liver ( 1 1). Other studies in adult induced changes in mucosal Wake Of zinc that are rats have shown increased zinc absorption across intestinal cells consistent with up-regulation of specific mucosal proteins, after glucocorticoid treatment ( 12. 13). High levels of dietary but this was not the case with metallothionein. These ,in, may induce gene expression of MT in intestinal mucosal alterations in zinc have consequences for and hepatic cells (9). The increased MT synthesis correlated with zinc status in premature infants who receive glucocorticoids a reduction in overall zinc absorption in mature rodents ( 14). such a s D E S and/or high zinc diets. (Pediatr Res 33: 1 18-Little is known, however, about the effects of DEX or high 124, 1993) dietary zinc during the newborn period. Due to the physiologic and anatomical similarities of the Abbreviations digestive tract. the piglet is a good model for absorption studies in human LBW infants (15) . To investigate the possible conse-LBW, low birth weight quences of short-term exogenous DEX or high dietary zinc on DES, dexamethasone zinc homeostasis during early development of LBW infants. we MT, metallothionein have established an early weaned piglet model. BBMV, brush border membrane vesicle J,.,, maximum uptake rate
housed in stainless steel metabolic cages under infrared heat lamps used to maintain an ambient temperature of 30°C. The piglets were weaned onto a specially designed liquid formula that has been used in our laboratory previously (Atkinson SA, Shah JK, Webber CE, Gibson IL, Gibson RS, unpublished manuscript). On the Ist, 2nd, and 3rd d after arrival, the piglets were fed half-strength, %strength, and full-strength formula, respectively. Afterwards, they were fed full-strength formula. Piglets were weighed in the morning on arrival and on d 1, 3, and 5 of the study.
After an adaptation period of 3 to 4 d, the early weaned piglets were randomly allocated to the control, high zinc, or DEXtreated group. They were fed 400 mL of formula/kg.d-' (quarter rations at 0900 and 1500 h and a half ration at 2100 h) [0.3 mmol (18 mg)/kg zinc] for the study period of 5 d. The high zinc group was fed formula containing zinc at a concentration of 15.3 mmol (1000 mg)/kg dry weight of diet (zinc added as ZnSO., to the vitamin/mineral mix). The DEX-treated group was injected intramuscularly twice a day with 1.5 mg/kg of DEX (sodium phosphate salt, Hexadrol, Organon Teknika, Toronto, Ontario, Canada) at 0900 and 2 100 h. The control and high zinc piglets received a volume-equivalent placebo injection of saline.
Because DEX-treated infants are known to become hyperglycemic, the blood glucose status of the piglets was assessed (1 8). Blood glucose was measured each morning before dosing and feeding by using Chemstrip BG (Boehringer-Mannheim, Laval. Quebec, Canada) on a drop of blood from a pin prick of an ear vein. Daily urine volumes were also measured to monitor glucose losses.
Blood and tissue samples. The piglets were killed on the morning of the 6th d of the study by a lethal injection. Fasted blood samples were taken by a heart puncture and urine samples by a bladder puncture. Plasma was retrieved by using heparinized syringes to draw the blood and by subsequent centrifugation at 2000 x g for 15 min. Final urine-glucose values were measured using a modified peroxidase-glucose oxidase assay from Dahlqvist ( 19) . One hundred cm of the proximal, medial, and distal small intestine were excised at necropsy and immediately immersed in ice-cold 0.9% saline. The intestine was slit lengthwise and then flushed with saline. Epithelial mucosa was scraped from the muscle tissue with a glass slide and stored at -70°C for additional preparation. Scraping was performed on ice to minimize enzymatic activity. Samples of liver were also removed from the animals.
Preparation ofBBMV. BBMV were obtained by homogenizing individual mucosal scrapings from each piglet and using a differential centrifugation method (20) . The extent of brush border purification was determined by measuring changes in the sp act of sucrase (19) . The BBMV solution was used in the 65Zn transport study on the same day to avoid vesicle damage caused by freezing and thawing. All zinc uptake data represent mean values for two separate membrane preparations for each pig.
Zinc uptake experiments. A modification of the technique of
Menard and Cousins (2 1) was used to perform transport experiments. Approximately 100 fig of vesicular protein and an incubation buffer containing 300 mM D-mannitol and 10 mM Tris-HEPES at pH 6.7 with a total volume of 50 fiL were added to a test tube containing 50 fiL of the same buffer but containing increasing ZnCI2 concentrations (0.1 to 1.0 mM) and 1 fiCi 65Zn. T o develop the method for piglet intestinal tissue, the uptake study was performed at increasing incubation times (0.25 to 20 min) with constant Zn2+ concentration (0.2 mM). The time curve (Fig. I) showed that zinc uptake was saturated at about 10 min with an extravesicular zinc concentration of 0.2 mM, which suggested that I min of incubation should be appropriate to determine the initial rate of zinc uptake by BBMV. The saturable activity of the transport protein ( Fig. I ) was also assessed from this experiment, thereby verifying the method. The uptake study was performed using BBMV concentrations as the changing time (min) variable. Zn2+ concentration (0.2 mM) and incubation time (1 min) were held constant while BBMV concentrations were increased from 0.3 to 1 1 mg protein. mL-'. The dependence of zinc transport on incubation temperature was also assessed. From these studies, it was determined that a camer-mediated mechanism was involved in zinc transport.
After a I -min incubation at 37"C, uptake was terminated with 1 mL of ice-cold stop solution (300 mM D-mannitol, 10 mM Tris-HEPES, pH 6.7). The BBMV were collected on 0.22-fim filters (Millipore, Groton, CT) using vacuum. The filters were rinsed twice more with stop solution to ensure quantitative collection of the vesicles. The filters were assayed for radioactivity by a gamma counter (Beckman Gamma 5500, Beckman Instruments, Irvine, CA). Samples were prepared in triplicate with a blank of nonspecific binding (no BBMV) included to correct for background radioactivity. To determine the binding of zinc to BBMV, we compared zinc transport kinetics between preparations treated with isotonic (300 mM D-mannitol, 10 mM Tris-HEPES, pH 6.7) or hypotonic (0.1 mM Tris-HEPES, pH 6.7) termination solutions. The decreased isotope retention with the hypotonic wash solution indicated that Zn uptake reflects predominantly intravesicular accumulation rather than binding to the BBMV.
Uptake rates were expressed as nmol Zn2+ per mg total vesicular protein per min. Total protein was measured by the dyebinding procedure of Bradford (22) using crystalline BSA as a standard. The mean between batch precision for protein determination was 4.3 + 0.7% (coefticient of variation). J,,, and the half saturation constant (Km) were determined using the method described by Eadie (23) and Hofstee (24) . The Eadie-Hofstee plot is considered the best technique for rectangular hyperbola analysis (25) .
Zinc eJ7ux across BBMV. To compare the permeability of BBMV between DEX-treated and control piglets, we measured the rate of zinc efflux across BBMV. BBMV was first loaded with 65Zn via incubation with 0.3 mM ZnClz and 2 fiCi "Zn in the incubation buffer at 37°C for 60 min. After examining the amount of zinc loaded in BBMV, the incubation solution was diluted 19-fold with transport buffer (10 mM Tris-HEPES, 300 mM D-mannitol, pH 6.7) containing 10 mM EGTA. At different time intervals after the dilution, the percentage of 65Zn remaining in BBMV was determined by rapid filtration and counting of filters in a gamma counter (Beckman Gamma 550). Incubation was also performed at 4°C and 37°C for 60 min to determine 120 WANG ET :1L
whether BBMV zinc loading occurred via active uptake or passive diffusion and binding to the membrane. fi.s.sue zinc con/en/. Zinc levels in plasma were measured using an atomic absorption spectrophotometer (model 703, PerkinElmer, Nonvalk. CT) after a 5: 1 dilution with 1.25 M nitric acid (26) . Certified standard reference plasma (A67 and A69; Interlaboratory Comparison Program, Centre de Toxicologic du Quebec, Sainte-Foy. Quebec, Canada) was used as a control throughout assay procedures. The zinc concentrations of the standard reference samples were determined to be 19.0 and 17.5 pM compared with known values of 18.35 and 17.5 pM, respectively.
Liver and mucosal tissue samples were quantitatively assayed for zinc by atomic absorption spectrophotometry (Perkin-Elmer) (26) . These tissue samples were prepared by weighing approximately 0.5 g of wet mucosa and approximately 1.0 g of wet liver into crucibles that were heated at 100°C for 24 h in a muffle furnace and then weighed dry. The samples were then heated at 500°C for 72 h and dissolved in 10 mL 1.25 M nitric acid. The liver solutions were diluted 5: 1 with a 1.25 M nitric acid. Certified standard reference nonfat milk powder (National Bureau of Standards. Washington, DC, no. 1549) was analyzed. Zinc concentration for this reference material was 47.2 + 1.4 pg/g dry weight (coefficient of variation = 2.9%) compared with the known value of 46.1 k 2.2 pg/g dry weight. Tissue zinc data were expressed as pg zinc/g dry weight.
7'is.vlrc MT concentration. MT levels were determined in liver and intestinal mucosa of all pigs. Tissue homogenates (20% wt/ vol) were centrifuged at 10000 x g for 20 min at 4°C. The supernatant was heated for 2 min in a boiling water bath. After another 10000 x g centrifugation for 2 min. 100 pL of the supernatant was subjected to MT measurement by a cadmium binding assay using '09Cd (27) .
In/e.stinal mzrcosal zinc and copper binding proteins bv IYLC. T o study the effects of DEX and high zinc feeding on zinc and copper binding proteins in intestinal mucosa, the mucosal homogenate was analyzed by a FPLC system. Mucosa samples were homogenized in 20 mM HEPES-PBS buffer, pH 7.4 (20% wt/ vol). in a Janke & Kunkel homogenizer (Tekmar Co., Staufen, Germany) in two 20-s intervals at medium speed. The homogenate was centrifuged at 169 000 x g at 4°C for 30 min. A 500-pL aliquot of the supernatant was transferred to a Superose 12 column (10 x 300 mm) of an FPLC system (Pharmacia, Uppsala, Sweden, model LCC-500). The eluting solution was 20 mM HEPES-PBS, pH 7.4, and flow rate was 60 mL/h. The eluting fractions were collected at I-min intervals and analyzed by atomic absorption spectrophotometry for zinc and copper concentrations.
Brllsk border enzyme activity. Approximately 0.1 g of wet mucosal tissue was suspended in 1.0 mL of buffer (100 mM Dmannitol, 1 mM Tris-HEPES. pH 7.5). homogenized for 1 min, and then centrifuged at 3000 x g for 10 min. The supernatant was assayed for sucrase and lactase according to the method described by Dahlqvist (19) . Enzyme activity was expressed as nmol substrate hydrolyzed/mL protein. min-'.
Slatistics. Multiple comparisons of group means were performed using Tukey's method on the different groups after performing repeated measurements analysis of variance procedure between the groups (SAS Institute, Cary, NC) (28) . Kinetic data were analyzed using the covariance technique (analysis of covariance). Data are represented as mean k SD unless otherwise noted.
RESULTS
The characteristics of the piglets used in the experiment are shown in Table 1 . There were no differences in age. initial weight, or dietary intake among the three groups. Daily blood glucose levels as measured by Chemstrip BG were significantly higher for the DEX group as compared to the control group (t = 4.09, P = 0.026) (Fig. 2) . The groups did not differ in urine glucose and volumes. which were monitored to help assess glycemia status. This is consistent with previous studies. which found the glucose renal threshold for 3-to 53-kg piglets to be 8.0 to 9.5 mM (29) . One pig in the DEX-treated group was an outlier (>2 SD from the mean) for blood and urine glucose levels as well as for velocity of zinc transport. Because of these extreme biologic variations, this pig was excluded from the data analysis.
Periodic sucrase assays before and after the BBMV preparation produced 10 + 2.5-fold increases in sp act. The experiments for method development showed that the BBMV concentration and the amount of radioactive zinc used were optimal for the sensitivity and precision of the zinc transport studies. The EadieHofstee plot regression curves for individual studies had correlation coefficients in the range of 0.70 to 0.99. No significant differences were detected in the kinetic parameters of zinc transport among the proximal, medial, and distal sections of the small intestine (data not shown). Duodenal transport was not measured because an insufficient amount of mucosa was available from this segment. Figure 3 shows saturation curves comparing the initial rate of zinc uptake by BBMV for the three groups. The kalues for the DEX-treated group were higher than the control and high zinc diet group at each extravesicular zinc concentration. There was no difference in zinc uptake velocities between high zinc and control groups. The Eadie-Hofstee plots of the three groups are shown in Figure 4 , in which the data are presented as the means of each group. J,,, and Km values were calculated from linear regression analysis of these plots. The v-intercept of the regression equation represents the J,,, and the absolute value of the slope represents the Km (23, 24) . This figure shows that the DEXtreated group not only had a 170% higher J,,, but also an 80% higher Km than the other two groups.
The amount of 65Zn loaded in BBMV after a 60-min incubation was greater in DEX than in control piglets (5.24 + 0.92 pmol/mg protein versus 4.64 k 0.48 pmol/mg protein) but the difference was not statistically significant. The zinc efflux rate was much higher in control piglets than in DEX piglets (Fig. 5) . After a 0.5-min emux, there was 3 1 .O% of 65Zn left in BBMV of DEX-treated pigs, whereas there was only 7.2% of loaded 65Zn
in BBMV of the control animals ( p < 0.001). After a 5-min emux, there was still 17.9% of 65Zn left in BBMV of DEXtreated animals compared with 3.6% in BBMV of control animals ( p < 0.05). Compared with the amount of 65Zn loaded at 4"C, there was 21.5% more 65Zn loaded in BBMV after a 60-min incubation at 37°C ( p < 0.05).
Similar levels of plasma zinc were found among the three groups. Furthermore, there were no differences in liver and intestinal mucosal zinc content between the DEX-treated and control groups. However, the high zinc diet group did have a significantly higher zinc content in both liver and intestinal mucosa than the other two groups (Fig. 6) .
Liver and intestinal MT concentrations are shown in Table 2 . High zinc-fed piglets had a 2-to 10-fold higher liver MT concentration than those in the other two groups. There were no significant differences in MT concentration in intestinal mucosa among the treatment groups. Figure 7 shows representative protein separations in mucosal samples from the three treatment groups after separation by the FPLC system. As can be seen, there are no major zinc or copper peaks in the control piglets at 20 d. In the DEX animals (Fig.  7B) , two major zinc peaks are observed, one in the elution sample representative of an intermediate molecular mass (30-60 kD) and the other with lower molecular mass (5-10 kD). The latter peak coincided with a copper peak, which was not observed in control animals. Zinc-treated animals exhibited three zinc peaks; one with a high molecular mass (>200 kD) and the other two with molecular masses similar to those observed in the DEX animals. The low molecular mass peak. however, was substantially larger in this group. No distinct copper peaks were observed in these animals. Zinc Concentration (mM) Fig. 3 . Initial rates of Zn" uptake ( I min) by BBMV with extravesicular Zn2+ concentrations ranging from 0 to 0.50 mM. Data represent the niea11 t SEM for vesicles from seven control piglets, seven piglets fed a high zlnc diet (15.3 mmol/kg). and six DEX-treated piglets (1.5 mg/kg intramuscularly. twice a day. and 4.0 mg/mL). Table 3 presents the results of intestinal lactase and sucrase activity from homogenates of the mucosal scrapes. Although there were no statistically significant differences among the three groups. the DEX-treated group tended to have lower lactase activity and higher sucrase activity than the other two groups ( p = 0.18 and p = 0.12. respectively).
DISCUSSION
In this study, exogenous DEX given to developing piglets resulted in higher zinc influx and reduced zinc efflux across intestinal brush border membrane. which is suggestive of induc- The observed similar levels of plasma, intestinal mucosa. and liver zinc between DEX and control groups suggested no differences in net transfer of zinc across the intestine. Bonewitz al. (7) found that DEX-treated adult rats had a 75% higher lumen to mucosa transport of zinc and a 45% lower mucosa to plasma transport; thus. part of the transported zinc was retained in the mucosa cells. In rats given a bolus or a daily injection of DEX for 7 d, overall zinc absorption was not increased by DEX. but an accumulation of zinc in small intestinal mucosa was found (35). The failure of our DEX-treated piglets to accumulate zinc in intestinal mucosa may be the result of immaturity of their intestinal mucosa compared with the chronologically older animals previously studied (35). High permeability of the brush border membrane could have allowed the leakage of the zinc from mucosal cells back into the intestinal lumen in the piglets. However, based on the emux experiment. the permeability of BBMV to zinc in DEX-treated piglets was much lower than that in the control piglets. These results are consistent with previous observations of glucocorticoid-induced inhibition of calcium transport by a reduction in permeability of the intestinal mucosa of 14-d-old rats (36). Furthermore, glucocorticoid treatment in rats of the same age can cause premature "closure" of the small intestine (37). The higher influx and lower efflux of zinc across intestinal brush border membranes plus lack of zinc accumulation in the intestinal mucosa suggests that DEX enhances zinc absorption by a carrier-mediated mechanism (38). Possible explanations for the unchanged plasma and tissue zinc levels may be the moderate zinc content of the pig formula. the short
